We present radial velocity measurements of two stars observed as part of the Lick Subgiants Planet Search and the Keck N2K survey. Variations in the radial velocities of both stars reveal the presence of Jupiter-mass exoplanets in highly eccentric orbits. HD 16175 is a G0 subgiant from the Lick Subgiants Planet Search, orbited by a planet having a minimum mass of 4.4 M Jup , in an eccentric (e = 0.59), 2.71 yr orbit. HD 96167 is a G5 subgiant from the N2K ("Next 2000") program at Keck Observatory, orbited by a planet having a minimum mass of 0.68 M Jup , in an eccentric (e = 0.71), 1.366 yr orbit. Both stars are relatively massive (M ⋆ = 1.3 M ⊙ ) and are very metal rich ([Fe/H] > +0.3). We describe our methods for measuring the stars' radial velocity variations and photometric stability.
INTRODUCTION
Over 300 exoplanets have been detected to date, 9 a quantity that is making it possible to characterize statistically significant trends that shed light on planet formation processes. Trends in planet occurrence as a function of host star mass and metallicity have emerged, and the distribution of orbital eccentricities is still being uncovered. For a review of exoplanet detections, see, e.g., Johnson (2009) ; Marcy et al. (2008) ; Udry et al. (2007) .
Both the planet occurrence rate and the total planetary mass in a system are proving to be positively correlated with the host star's mass (Johnson et al. 2007; Lovis & Mayor 2007) . Our understanding of that planet occurrence rate at masses of M ⋆ ≥ 1.3 M ⊙ comes from surveys of evolved stars. Intermediate-mass stars cool and slow their rotation as they evolve off the main sequence, thereby developing the copious narrow metal lines that facilitate precision radial veloc-ity monitoring. Since giant stars tend to have considerable photospheric jitter (introducing errors of ∼ 20 m s −1 ), subgiants, which have jitters of ∼ 5 m s −1 , represent an evolutionary sweet spot for detecting planets around intermediate-mass stars.
In addition to correlating with stellar mass, the planet occurrence rate is observed to correlate with stellar metallicity Santos et al. 2004; Gonzalez 1997) . The results of Doppler surveys are corroborated by theoretical predictions that more metals in a protoplanetary disk leads to more prolific planet formation (Ida & Lin 2004) . This trend informs target selection for some exoplanet searches, e.g., the N2K program ("Next 2000 ) and the ELODIE Metallicity-Biased Planet Search (da Silva et al. 2006) , which specifically target metal-rich stars. Such searches allow planet hunters to maximize exoplanet discoveries given finite telescope resources.
Exoplanet systems exhibit a broad range of eccentricities. For the 267 well-characterized planets within 200 pc (most of the known exoplanets), those in non-tidally-circularized orbits (P > 5 days) span a range of eccentricities from 0.00 to 0.93, with a median eccentricity of 0.23. The broad range of eccentricities is surprising, since it was previously expected that such objects would have orbits resembling the circular orbits of the solar system gas giants. The origin of exoplanet eccentricities is one of the major outstanding problems in the study of exoplanets. The discovery of additional planetary systems, especially those with large eccentricity, will bring the shape of the eccentricity distribution into better focus and guide theoretical models of planet formation and orbit evolution (e.g., Jurić & Tremaine 2008; Chatterjee et al. 2008) .
We present here two new Jupiter-mass exoplanets detected with the radial velocity method. Both stars are metal-rich
, G-type subgiants, and therefore contribute to our understanding of the planet occurrence rate as a function of mass and metallicity. HD 16175 is part of the Lick Subgiants Planet Search (Johnson et al. 2006 ) and HD 96167 is part of the N2K program at Keck Observatory . Because the planets presented here are from different programs at different observatories, we describe the observational, data analysis, and Keplerian techniques for each star in its own section. HD 16175 is presented in § 2 and HD 96167 in § 3. We review the photometric stability of the stars in § 4 and summarize our results in § 5. • . In order to choose evolved stars, we require an absolute visual magnitude M V more than 1.0 mag above the main sequence. For this purpose, we use the main sequence defined in Wright 2005 , which is a ninth-order polynomial fit to the Hipparcos dwarf stars within 60 pc. In order to ensure selection of subgiants rather than giants, we required M V fainter than 1.0 mag. The color limits select stars for which radial velocity monitoring is feasible, while the V -magnitude and declination limits allow the sample to be observed with the 3 m Shane telescope and with the 0.6 m Coudé Auxiliary Telescope (CAT), both of which feed the Lick Observatory Hamilton echelle spectrograph (Vogt 1987) . See Johnson et al. (2006) for a complete description of the Lick Subgiants Planet Search and its selection criteria.
We use the Hamilton spectrograph at a setting that provides resolution R ≈ 50 000 at λ = 5500Å. On the CAT, typical exposure times were 60 minutes, yielding signal to noise ratio (SNR) of ∼ 50 at 5500Å. On the Shane, shorter 10-minute exposures generally yielded higher SNR ∼ 175. The lion's share of the data presented here were collected with the CAT. The procedure for obtaining radial velocities from Hamilton spectra is outlined in Butler et al. (1996) . In short, a temperaturecontrolled Pyrex cell, filled with gaseous molecular iodine, is placed before the spectrometer's entrance slit. The iodine imprints a dense set of absorption lines between λ ∼ 5000Å and λ ∼ 6400Å, which are calibrated to provide an accurate wavelength scale for each observation, and which also serve to provide information about the spectrometer's instrumental response (Marcy & Butler 1992) . The Doppler measurement method described above traditionally includes the use of a template spectrum, an iodinefree, high-S/N observation relative to which the Doppler radial velocity measurements are made. In the case of HD 16175, we at first measured the Doppler shifts relative to a synthetic "morphed" template spectrum. The procedure for creating the morphed template is described in Johnson et al. (2006) . Once the star showed the potential for a planetary companion, we obtained a traditional template observation. The observed template is also used for the LTE analysis described in § 2.2. The radial velocities, measured in approximately 700 2Å segments of each echelle spectrum, are averaged to determine the radial velocity of a star in a given observation. Table 1 contains the velocities and their associated uncertainties for HD 16175, from 2004 November to 2009 March. We estimate those uncertainties to be the standard deviation from the mean of the 700 individual segment velocities. Typical internal uncertainties for HD 16175 are ∼ 6 m s −1 . The internal uncertainties in Table 1 are added in quadrature to a 5 m s −1 error due to stellar jitter (a typical figure for subgiant stars; see Fischer et al. 2003 and Johnson et al. 2007 ), and those com-bined values are used in the least-squares Keplerian analysis described in § 2.3.
Stellar Properties
HD 16175 is a G0 subgiant in the foreground of galactic open cluster M34 (NGC 1039), which is 440 pc farther away. In our analysis we found several different literature V -band magnitudes for HD 16175, so we adopted for our analysis here an average of the values from three sources: the Tereshchenko (2001) spectrophotometric standards list, the Hipparcos catalog (ESA 1997), and the Sky2000 catalog.
10 Our adopted values were V = 7.29 ± 0.03 and B − V = 0.63 ± 0.02.
The Hipparcos parallax distance for HD 16175 is 60 ± 3 pc, which, when taken together with V from the preceding paragraph, implies an absolute visual magnitude M V = 3.40. Its M V places HD 16175 1.3 mag above the Hipparcos main sequence defined in Wright (2005, a value that fulfills the selection criterion described in § 2.1). HD 16175's high metallicity (measured in the next paragraph) may account for part of its distance above the main sequence, but some of that 1.3 mag difference is likely due to its evolution, even though it may not yet have exhausted its core hydrogen.
HD 16175 is metal rich, with [Fe/H] = +0.39 ± 0.06, and has an effective temperature T eff = 6080 ± 70 K. Metallicity and temperature come from our LTE spectral synthesis analysis with Spectroscopy Made Easy (SME; Valenti & Piskunov 1996) . In general we follow the procedure outlined in . The LTE analysis also yielded surface gravity log g = 4.4 ± 0.2 and projected rotational velocity v sin i = 4.8 ± 0.5 km s −1 . The uncertainties of the SME-derived stellar properties ([Fe/H], T eff , log g, and v sin i) were determined following the procedure described in Johnson et al. (2008) and . The full set of stellar properties and their uncertainties (in parentheses) appear in Table 2 .
The stellar luminosity L ⋆ = 3.49 ± 0.12 L ⊙ was calculated using the relation in , based on M V and a bolometric correction from VandenBerg & Clem (2003) . We follow the same procedure here, adopting a bolometric correction of −0.035 mag. The stellar radius R ⋆ = 1.68 ± 0.04 R ⊙ was calculated with the Stefan-Boltzmann law, using L ⋆ given and T eff from the LTE analysis. We then calculated the stellar mass M ⋆ = 1.29 ± 0.09 M ⊙ and age 4.0 ± 1.0 Gyr using the Girardi et al. (2002) stellar interior models, based on the Hipparcos-derived M V , the B − V color, and the LTE-derived metallicity. The uncertainties for these derived values are propagated from the uncertainties on the input values.
The chromospheric activity parameters S HK and log R ′ HK , based on the Ca II H and K emission features, are measured according to the procedure in Wright et al. (2004) . The full listing of stellar characteristics for HD 16175 appears in Table 2 . 10 Vizier Online Data Catalog, 5109 (Myers et al. 2001) 
Keplerian Fit
We search for the best fitting Keplerian orbital solution to the radial velocity time series with a Levenberg-Marquardt least-squares minimization. Beginning with a periodogram to determine an initial guess for the orbital parameters, our Keplerian fitter searches a grid of initial period guesses to determine the orbital solution. We estimate the uncertainties in those orbital parameters with a bootstrap Monte Carlo method: we subtract the best-fit Keplerian from the measured velocities, scramble the residuals and add them back to the original measurements, then obtain a new set of orbital parameters. We repeat this process for 1000 trials and adopt the standard deviations of the parameters from all trials as the formal uncertainties. For a more in-depth description of the Keplerian fitting and uncertainty determination procedures, see, e.g., Marcy et al. (2005) .
For HD 16175, the best fitting Keplerian orbital solution has a period of P = 990 ± 20 days (or 2.71 ± 0.05 yr). It also has eccentricity e = 0.59 ± 0.11 and velocity semi-amplitude K = 94 ± 11 m s −1 . The rms scatter of the data about the fit is 9.2 m s −1 , and the reduced χ 2 ν is 1.16. Based on our stellar mass estimate in § 2.2 of M ⋆ = 1.29 M ⊙ , the planet HD 16175 b has a semimajor axis a = 2.1 AU and a minimum planet mass M P sin i = 4.4 M Jup . The full list of orbital parameters appears in Table 3 , with their associated uncertainties in parentheses.
The velocities from Table 1 are plotted in Figure 1 . The error bars on the plot represent the quadrature addition of the internal measurement errors from Table 1 and 5 m s −1 of stellar jitter (see § 2.1). The best-fit orbital solution is plotted with a dashed line and the orbital parameters are printed in the plot. The photometric stability and transit probability for HD 16175 b are discussed in § 4. N2K targeted 2000 stars within 110 pc with the goal of detecting high transit probability hot Jupiters. The stars were chosen to have 0.4 < B − V < 1.2 mag and V brighter than 10.5 mag. The targets were also chosen to be metal rich, with [Fe/H] of +0.1 or higher, as determined photometrically ) and with low-resolution spectroscopy . Observations each star were collected in a high-cadence time series intended to detect short-period planets. For a full description of the N2K consortium and its goals, see Fischer et al. (2005) . The main phase of the N2K program has finished, but several stars that showed significant velocity scatter have been monitored further. A number of longer period planets have been detected around these stars, including the planet orbiting HD 96167 announced here.
HD 96167 was observed with the HIRES echelle spectrograph (Vogt et al. 1994 ) on Keck I. The spectra have R ≈ 70 000 at λ = 5500Å. Typical exposure times were 2 minutes, yielding SNR ∼ 250 at 5000Å. The iodine cell procedure for measuring radial velocities in Keck spectra is the same as for Lick spectra, described in § 2.1. As with the Lick Subgiants Planet Search, we initially observed the N2K stars relative to a morphed synthetic template spectrum (see § 2.1), taking a traditional template exposure once a planet candidate emerged.
The full list of measured velocities and their associated internal uncertainties (estimated as described in § 2.1) appears as Table 4 . The observations span the period from 2004 January to 2009 January. Typical uncertainties are ∼ 1 m s −1 , and a jitter uncertainty of 5 m s −1 (Fischer et al. 2003; Johnson et al. 2007 ) is added in quadrature before the least-squares Keplerian fit is carried out ( § 3.3).
Stellar Properties
HD 96167 is a G5 subgiant star. In contrast to HD 16175, literature V -band magnitudes for HD 96167 were consistent with Hipparcos, so we adopt the Hipparcos values here: V = 8.09 and B − V = 0.73.
HD 96167 has a Hipparcos parallax-based distance of 84 ± 9 pc. The parallax distance and V -magnitude, when taken together, yield M V = 3.46, placing it 1.5 mag above the main sequence as defined by the Wright (2005) polynomial. HD 96167's high metallicity (measured in next paragraph) may account for part of its distance above the main sequence, but its M V places it far enough along the evolutionary track for 1.3-M ⊙ stars that it has likely exhausted its core hydrogen and evolved into a subgiant.
Fitting with its inclusion in the N2K stellar sample, HD 96167 is metal rich, with [Fe/H] = +0.34 ± 0.06, and has a near-solar temperature T eff = 5770 ± 70 K. It has log g = 4.0 ± 0.2 and v sin i = 3.8 ± 0.5 km s −1 . Its mass is 1.31 ± 0.09 M ⊙ and its age is 3.8 ± 1.0 Gyr; it has a luminosity L ⋆ of 3.4 ± 0.2 L ⊙ and radius R ⋆ of 1.86 ± 0.07 R ⊙ . Its Ca II H and K chromospheric activity is relatively quiet, with S HK = 0.14 and log R ′ HK = −5.16. As with HD 16175, the [Fe/H], T eff , log g, and v sin i come from an LTE spectral synthesis using SME. The procedures for determining L ⋆ , R ⋆ , M ⋆ , age, S HK , and log R ′ HK and their associated uncertainties are identical to those described in § 2.2. The full set of stellar parameters is listed in Table 2 .
Keplerian Fit
The procedure for determining the best fitting Keplerian orbital solution for the velocities listed in Table 4 is the same as described in § 2.3. The best fitting orbital solution has P = 498.9 ± 1.0 days (or 1.366 ± 0.003 yr). The eccentricity e is 0.71 ± 0.04 and the velocity semi-amplitude K is 20.8 ± 1.5 m s −1 . The residuals from the best fit have an rms scatter of 4.6 m s −1 ; the fit has a reduced χ 2 ν of 0.88. Based on the LTE-determined mass estimate ( § 3.2) of M ⋆ = 1.31 M ⊙ , the planet HD 96167 b has semi-major axis a = 1.3 and minimum mass M P sin i = 0.68 M Jup . The HD 96167 radial velocities listed in Table 4 are plotted in Figure 2 . As with HD 16175, the error bars represent the quadrature sum of the internal measurement uncertainties from Table 4 and stellar jitter of 5 m s −1 . The best-fit orbital solution appears as the dashed line in Figure 2 . The photometric stability and transit probability for HD 96167 b are discussed in § 4.
PHOTOMETRIC MEASUREMENTS OF HD 16175 AND HD 96167
We have obtained three years of high-precision differential photometry of both HD 16175 and HD 96167 with the T12 0.8 m automatic photometric telescope (APT) at Fairborn Observatory. The APT detects short-term, low-amplitude brightness variability in solar-type stars due to rotational modulation in the visibility of photospheric starspots (e.g., Henry et al. 1995) , as well as longer-term variations associated with stellar magnetic cycles (Henry 1999) . We obtain photometric observations to establish whether observed radial velocity variations in a star are due to reflex motion caused by a planetary companion or due to the effects of stellar activity (e.g., Queloz et al. 2001; Paulson et al. 2004 ). Photometric observations can also lead to the detection of planetary transits and the direct determination of planetary radii, as in Winn et al. (2008) .
We acquired The measurements in each sequence were reduced to form three independent measures of the six differential magnitudes T− A, T− B, T− C, C − A, C − B, and B − A. These differential magnitudes were corrected for extinction and transformed to the standard Strömgren photometric system. To increase the S/N, the data from the b and y passbands were averaged to create "(b + y)/2" magnitudes. After passing quality control tests, the three independent measures of each differential magnitude were combined to give a single mean data point per complete sequence for each of the six differential magnitudes. To improve our measurement precision still further, we averaged the three mean T − A, T − B, and T − C differential magnitudes from each sequence into a single value representing the difference in brightness between the program star and the mean of the three comparison stars T − (A + B + C)/3, which we refer to as the ensemble mean. This helps to average out any subtle brightness variations in the three comparison stars. The ensemble means for the three observing seasons of both stars are summarized in Table 5 and plotted as open circles in Figure 3 .
Column 5 gives the yearly mean T − (A + B + C)/3 differential magnitudes in (b + y)/2 for the three observing seasons. Column 6 gives the standard deviations, σ, of these ensemble differential magnitudes from the yearly mean and so provide a measure of night-to-night brightness variations. Typical standard deviations for constant stars fall in the range 0.0012-0.0017 mag for this telescope. All six of the standard deviations in Table 5 fall within this range. Periodogram analyses of the three observing seasons for each star found no significant periodicity in the range of 1-100 days. Both HD 16175 and HD 96167 are constant from night to night to the limit of our measurement precision; stellar activity due to starspots should have no significant effect on the measured radial velocities.
The standard deviations of the yearly means are given in column 7, computed from the σ in column 6 divided by the square root of the number of observations in column 4; these values provide an estimate of the precision of each yearly mean. The observed yearly means are plotted in Figure 3 as filled circles connected with solid line segments. For both HD 16175 and HD 96167, the observed scatter in the yearly means is somewhat higher than the estimated precision of the means, by factors of 5.0 and 3.7, respectively, implying that there are slight year-to-year variations in the brightness of the two stars. Henry (1999) demonstrates that subtle brightness variability can be measured for solar-type stars and also demonstrates observationally that yearly means of constant stars can be measured to 0.0002 mag with the APTs. Wright et al. (2008) includes another example of this measurement precision for comparison stars. Thus, the long-term variation over a range of 0.0016 mag in HD 16175 is likely to be real. The range for HD 96167 is less than a millimagnitude over the three observing seasons and so is harder to establish as real without a longer time series. As subgiants with very low chromospheric activity levels (S HK and log R ′ HK in Table  2 ), both stars are expected to have little brightness variation. Given the moderately long orbital periods and the current precision of the orbits, a transit search is premature. The planets fall into the upper reaches of three emerging trends in exoplanet distribution (eccentricity, host star mass, and metallicity), thereby contributing to our understanding of the nature of exoplanets and of planet formation.
